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Introduction

In recent years, fin line structures have become increasingly more
attractive for millimeter-wave integrated circuit components. Thia has
occurred because fin lines are low loss at millimeter-wave frequencies, and
they are easily built using printed circuit techniques. The initial structure
0 be analyzed is shown in Figure 1. While the theory developed is general
for three layers of dielectric, numerical results are presented for a single
layer of dielectric, i.e., d=s=Q,

This structure was alsc analyzed by Knoor and Shayda [l1]. Their paper

4 used the following approximation for the aperture field

e = (9 Ixl =W
X 1 elsewhere

e =~ 0
y

(L)

In our analysis, the aperture fields are expressed in a more general form by

t

expanding them in a series of basis functions, so the solution is believed

to be more accurate. Also, higher-order mode characteristics are analyzed

in this paper whereas only the dominant mode characteristic was presented

in reference (1]. This allows us to study the range of single-mode operation

and the characteristics of overmoding in these guides.

Deterninantal Equation
In reviewving the published literature one finds that various fin line

structures have been analyzed using spectral domain techniques [2] and [3].
On cthe other hand, the network analytical methods of electromagnetic fields
[4] have been applied to the analysis of slot lines. These two methods

represent the sama approach in that they are based on Galerkin's method and
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Figure 1. Cross-sectional view of unilateral fin line with three dielectric
slabs. Here, €& " 2.2, h = 0.094", b = 0,089", t = 0.005", d =~ O,
s =0, W= 0.0235", A = 0.047", and W/A = 0.5. The outer rectangular
vaveguide 1{s WR-19, which has a cutoff frequency of 31.40 GHz.
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Fourier transformations, and they ultimaiely lead to the same determinantal
equation to be solved. Only the key steps are given here in order to avoid
repetition of reference [4].

We begin with the spectral representation of the transverse electric
and magnetic fields

E

.
5, V2n

v ,2) e, (8,x) -
g‘m(s z eh e 18y dB8

=0 £=1 | I, (8,2) By (8,%) @

where the vector mode functions, Ezm and Fzm, are given as

Elm = /-2! k—:l {-; Y, €08 Ym(x+A) + ; j8 sin ym(x+A)}

2A
3)
e -« fOm 1 ; j B8 cos yv_(x+A) - v sin y_{(x+A)
. 2m 2A km m y Yﬂl m
hlm a z X e;z'm
2 2 2
l"m Yo +8
- BT
Yo 2A (4)
‘ 1 o=
n =
Oa 2 m>1
(1 E-wave, H = 0
. o= 2
2 H-wave, Ez =0
3
R —— .
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The modal voltages and currents are Via (8,2) and Izm (8,z), and 8 and
Yy are the propagation constants in the y and x directions, respectively. ,
Furthermore, the longitudinal components of the electric and magnetic ‘
fields are given as - : | 1
E, = 2 7. @ x2
2 Jwe t
1 - ~ - (5a)
1 Hz j“"o Ve(zx Ec)
where ¢ is the permittivity in each region
r £ s<z<s+h and :
] =b-t-d<z<~d-t i
] !
\ € __E O<2<s ,
. e = sr0 (5b) :
‘ €4ro -d<2z<0
p1 R
B L €er€o ~t-d<z<-d ‘i
f ’ The vector mode functions, ;zm (8,x) and H!.m (8,x), satisfy the ortho-
normality relations
! W 3 W ik
K e . - h = A
{w m fme 7 LB By dxom sy, 6 (6 |
1
?
By substituting (1) and (3) into Maxwell's field equations and using (6),
¢
% the transmission line equations for the modal voltages and currents are
% obtained
¢ .
?
s “Vom .
g 3 %p Zop Tpa(2) (73) ,
: dz 1
-dI
la
Jx Y, ¥V, (2)
dz m im im
|
<
4
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where
Ka = "“2“050 - “i
(7v)
Y ® llzu
and
K wR
am 4] - |/2 e 2
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‘ ?
; for -d~t-b<z<-d-t
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* dm ) Ve 2 ;
2im * Geqc Zam * & “am = Y €4r%0%0 T ka Z
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With the transmission line equations in hand, they may now be solved
in each of the five regions in terms of sine and cosine functions and
arbitrary constants. The boundary conditions are such that the transverse
electric and magnetic fields are continuous at z=s, z=-d, and z=-d-t. At
2=0 the electric field is continuous for all x while the magnetic field
is continuous only within the aperture. All of the above boundary conditioms
except those at z=0 may be used to eliminate constants in the general
solutions of the transmission line equations. In order to use the conditioms
at z=0, additional orthonormality relationships are required. From (2) it

can be shown that

A A= .

IA hz'mv(B’x)' z X £m(s’x)dx 621|6m1 (8)
where ny is the Kronmecker delta., Using this along with (1), we obtain che

modal voltage in the plane z=0 within the slot

*
1 A @ — ~ - < '
V(80 === [* dx' [* dy' hop(Bsx')ez x e (x',y") eI8Y (9)

o -A -0

where Et(x',y') is the transverse electric field in the plane z=0. These
relationships are used along with the boundary conditions at z=0 to obtain
the desired inregral equation, given below in (10), for the longitudinal

propagation constant 8

1 {2 (P (B)B 1 (8,X)B) (8, + P, (9)By (3,10Fp (B,)] F(x") dx’ = 0 (10a)
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With the integral equation in hand, Galerkin's method is used to
derive f(x), where f(x) is simply related to the slot electric field as
previously defined in (10a). The vector function f(x) has x and y com-

ponents which are expanded as follows

ZNx
£ (x") -nz_l ay oy (x")
2N
1 y f l)
Eyxh) nzsl Jagmifynr =

These equations are now substituted into (10). Next, the inner products
of the result are taken with the functious

N

- £ (x
x £ (x) and y yn(_ )
to obtain the following set of linear homogeneous equations in a
ayn" and 8.

2N - - -
1 24 2
nzil ' mzl A—ki B7P (B + YnPZm(m} fn Fxn’
o

By 7 L 3 -2 (Y £ £ 0
+ a a— BY ?” 3 - 4 ' =
ninl 7 el Akl "{ - la xym

an=l, 2, «==, ZNx

3

(11b)

(12)

(13)
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(-] l - -~
Zx a Z —= By P, (B) ~P (B)j} £_£_
n's=l ' m=1l Aki o 2m lm ymoox

(14)
2N = f'm 2 2 ~ -
y = Q
¥ ngal *ya’ m-z-o 2aK> {Y" f1a (8 * 8 sz(s)} “ro o
m
- , —==, 2N
n=1, 2 .
where

Exn - {: sin Ym(x' +a) £, (x') dx'

(15)

fyn - {: cos ym(x' + A) fyn (x') dx’
If (14) is to yield nontrivial solutions, the determinant of the co-~
efficient matrix must be zero. From this, the propagation constant, 8,
may be evalusted.

Now that we have a set of equazions to solve, we can find 8. The
next step 1s to choose a set of basis fuactions, which must satisfy several
properties. They must account for the edge effect, they must give an
increasingly more accurate solution of the aperture fields with an increased
oumber of terms in the series, and they must allow an analytical integratiom

in (15). With these criteria in mind, the basis functions were chosen as

R =

PR

A

%
:
¥
%
1
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¥
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£ n-1 (16)

A &?

where Tn(;) and Un(;) are Chebyshev polynomials of the first and second
kinds, respectively. After substituting these equations into (13) and
(14), asymptotic approximations are made for large m. The determinantal
equation is now solved and the longitudinal propagation constant, 3, is
calculated. Some numerical results are given in the next section.

Now that the propagation comstant has been calculated, the next step
is to calculate the characteristic impedance of the fin line. Since this
is a quantity that is defined rigorously only for TEM waves, several dif-

ferent definitions are possible. The definition chosen was

Z = P Qan”n

where Vx is the voltage between the fims at a given point on the line, and
P is the total power traversing the cross section of the line at that poinc.

For other possible definitions see reference [2].

Numerical Results

Before making any calculations, it was necessary to determine the
number of expansion functions needed to obtain sufficient accuracy in the
final result. In order to make this determination, the dispersion constant

and normalized characteristic impedance were calculated for the structure
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shown in Figure 1 at 100 GHz. This case represents the most severe con-
vergence case of all those presented here because it has the highest frequency,
the largest slot width, and the lowest substrate dielectric constamnt. Con-
vergence is shown by increasing the values of Nx and Ny, the number of terms
in the expansion. The resulta for the normglized propagation constant and
characteristic impedance are shown in Table 1 as a function of Nx and Ny'
The data show that solutions for Nx-Ny-Z yleld an accuracy to three decimal
places. Since this was considered sufficient, all calculations presented
here use these values.

The results of the calculations are now presented. Figures 2a and 2b
show the dispersion characteristic and characteristic impedance of the con-
figuration shown in Figure 1. The dispersion characteristic was calculated
for the first four modes of the given structure, and the impedance was
calculated for the first two even modes. Note that the range of single-mode
operation of this fin line is larger than that for the WR-19 metal waveguide.
For the fin line, this bandwidth 1s about 35.0 GHz, while that for the WR-19
metal waveguide is 31.4 GHz.

The effect of varying the width of the slot is shown in Figure 3. As
the slot width decreases, the cutoff frequencies of the first and second
even modes decrease.

Figure 4 shows the effect of varying the substrate dielectric constant
on the dispersion characteristics of the first and second even modes. Here,
W/A = 0,2 and dispersion characteristics for the first and second even modes
are presented for € 2.2, 3.8, and 9.6.

Finally, in Figures 5a and 5b, a comparison is made between our data and

Knoor and Shayda's. The configuration is exactly that of Figure 3 in this

R T 7 s SO
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TABLE 1
CONVERGENCE TEST CALCULATIONS FOR THE CONFIGURATION IN FIGURE 1 AT 100 GHZ
First Even Mode Second Even Mode
N, Ny  Caff e Ceff %
0 1 1.071 1.204 0.381 0.768
1 1 1.074 1.223 0.381 0.766
1 2 1.064 1.185 0.381 0.766
2 2 1.064 1,185 0.381 0.766
2 3 1.064 1.185 0.381 0.766
3 3 1.064 1,185 0.381 0.766
!
g
b
?
g
g,
t
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Figure 5.

PO,

Comparison of our data in Figure 3 to Knoor and Shayda's data in
Pigure 3 of reference [1].
Figure 5a i{s the normalized waveleugth
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paper, and Figure 8 in reference [4]. There is a maximum difference of
about 2% for the normalized wavelength, and about 62 for the characteristic
impedance. We believe our results to be more accurate for the following
reason, Our calculations were made with Nx and Ny both equal to two,
whereas Knoor and Shayda had Nx equal to zero and Ny equal to one. It is
expected that a higher number of basis functions should yiéld a more

accurate solution.

Conclusions

In this paper, a unilateral fin line on a dielectric substrate has been
analyzed using the network analysis method of electromagnetic fields. Result:
for higher-order modes have been obtained as well as for dominant modes, and
the results are believed to be more accurate than those previously obtained
since the aperture fields are calculated exactly. Furthermore, it has been

shown that the range of single-mode operation is greater for the fin line

analyzed than chat for the WR-19 metal waveguide. This property of the
fin line tends to make it appear even more attractive for millimeter-wave

circuit applications than previously thought.
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